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(54) ZIRCONIA SINTER, PROCESS FOR PRODUCING THE SAME, GRINDING PART MATERIAL, 
AND ORTHODONTIC BRACKET MATERIAL 

(57) A zirconia-based sinter stabilized with a rare 
earth metal oxide is provided which has high fracture 
toughness properties, is excellent in mechanical 
strength and thermal stability, and contains a boron com- 
pound. A process for producing the sinter and a grinding 
part material and a bracket material for dental correction 
both constituted of said zirconia-based sinter are also 
provided. 

Specifically, a zirconia-based sinter comprising Zr0 2 
as the main component, one or more rare earth metal 
oxides (R 2 0 3 ) selected from Yb 2 0 3 , Er20 3 . H020 3i 
Y20 3 . and Dy 2 0 3 , and a boron compound [or a boron 
compound and Al^ and/or S\0^ wherein R 2 0 3 /Zr0 2 
(molar proportion) is from 1.3/98.7 to 2/98, excluding 
2/98, and the content of boron components is from 0.05 
to 8% by mole in terms of B^ [or in addition thereto the 
content of Al^ is from 0.1 to 5% by mole and/or the 
content of Si0 2 is from 0.05 to 1 .5% by mole]. A grinding 
part material and a bracket material for dental correction 
both constituted of the zirconia-based sinter. 
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Descripti n 
TECHNICAL FIELD 

The present invention relates to a zirconia-based sinter and a process for producing the same, and to a grinding 
part material and a bracket material for dental correction both constituted of said zirconia-based sinter. More particularly, 
this invention relates to a zirconia-based sinter stabilized with a rare earth metal oxide which sinter has high fracture 
toughness properties, is excellent in mechanical strength and thermal stability, and contains a boron compound, a proc- 
ess for producing said sinter, and a grinding part material and a bracket material for dental correction both constituted 
of said zirconia-based sinter. 

BACKGROUND ART 

In recent years, a zirconia (ZrO^-based sinter is extensively used as a constituent material of, e.g., ceramic scissors 
and medical materials taking advantage of its toughness, mold extrusion dies taking advantage of its lubricity, heat- 
insulating engine parts taking advantage of its heat-insulating properties and thermal expansion characteristics, or oxy- 
gen sensors and fuel cells taking advantage of its oxygen ion conductivity. It is known that of such sinters the zirconia- 
based sinters containing a rare earth metal oxide as a stabilizer have exceedingly high fracture toughness properties 
as compared with other ceramics. Products taking advantage of this property are being developed enthusiastically. For 
example, attention is focused on use as a grinding part material, e.g., a grinding medium for use in the mixing or grinding 
of ceramic materials, metal powders, food-related substances/or the like. Also attracting attention is use as a bracket 
material for dentition correction which is superior in aesthetic property to bracket materials made of metal, polymer, etc., 
and combines high strength and toughness. 

By the way. the fracture toughness properties of a zirconia-based sinter containing a rare earth metal oxide as a 
stabilizer tend to decrease in proportion to the amount of the stabilizer and to sintering temperature. For example, it is 
known that zirconia-based sinters having a stabilizer content lower than 2% by mole show excellent fracture toughness 
properties. 

Consequently, the tendency described above indicates that a zirconia-based sinter having high fracture toughness 
properties can be obtained if a raw material containing a stabilizer in an amount smaller than 2% by mole (hereinafter 
abbreviated simply as "low-mole") is used and can be sintered at a low temperature. 

However, it is extremely difficult to sinter zirconia with a low-mole stabilizer. In addition, zirconia-based sinters con- 
taining a rare earth metal oxide as a stabilizer generally have a drawback that they are susceptible to deterioration during 
long-term aging in a low-temperature region (the deterioration being caused by the transition of tetragonal crystals, 
which constitute a metastable phase at ordinary temperature among the crystal phases of the zirconia-based sinter, to 
monoclinic crystals, which constitute a stable phase, and by the development of minute cracks within the sinter as a 
result of a volume expansion accompanying the phase transition). In particular, aging in water or steam at 100 to 300°C 
is a cause of considerable deterioration, and zirconia-based sinters stabilized with a low-mole stabilizer are more apt to 
undergo such a phenomenon. 

The prior art techniques have therefore had a problem that a zirconia-based sinter having high toughness properties 
is difficult to produce. Even if a zirconia-based sinter having high toughness is produced, this kind of highly tough zirconia- 
based sinters have drawbacks of poor thermal stability in a low-temperature region and impaired product reliability and. 
hence, have a problem that the applications thereof are considerably limited. 

Grinding part materials comprising a zirconia-based sinter excellent in strength and wear resistance have been 
proposed so far (see, e.g., examined Japanese patent publication No. 20587/1990). However, since these prior art 
zirconia-based sinters undergo a considerable decrease in strength upon long-term standing at around 100 to 300°C 
and the rate thereof (rate of strength decrease) is exceedingly high especially in a water or steam atmosphere, the 
sinters raise difficulties, for example, in a wet grinding step using water as solvent or in the case where grinding part 
materials are washed with water etc., before being subjected to a drying step at a high temperature (around 200°C). As 
a sinter which eliminates such a problem, a zirconia-based sinter containing both a boric acid compound (e.g., B2O3) 
and Al20 3 and/or Si0 2 [and further containing a rare earth metal oxide in an amount of 2% by mole or larger] has been 
proposed in unexamined published Japanese patent application No. 239662/1994 and others. 

Such zirconia-based sinters show improved thermal stability. However, since these zirconia-based sinters contain 
2% by mole or more rare earth metal oxide as a stabilizer, they neither show excellent fracture toughness properties 
comparable to that of zirconia-based sinters having a stabilizer content lower than 2% by mole, nor satisfy all the prop- 
erti s including fracture toughness properties and wear resistance. 

On the other hand, bracket materials for dentition correction which comprise a zirconia-based sinter as a material 
similar to teeth in appearance and color tone and excellent in strength and toughness have been proposed in French 
patent No. 2,559.059. unexamined published Japanese patent application No. 21857/1990, unexamined published Jap- 
anese patent application No. 280864/1992, and others. For example, in unexamined published Japanese patent appli- 
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cation No. 21857/1990 is described use of a zirconia-based sinter as a bracket material for dentition correction which 
sinter is a "so-called partially stabilized zirconia" partially stabilized with Y2Q3 or the like. In unexamined published 
Japanese patent application No. 280864/1 992 is described use of a partially stabilized zirconia as a bracket material for 
dentition correction which zirconia contains a colorant comprising erbium oxide, praseodymium oxide, and iron oxide 

5 and is very similar in color tone to human teeth. 

However, such prior art zirconia-based sinters also undergo a considerable decrease in strength upon long-term 
standing at around 100 to 300°C, and the rate thereof (rate of strength decrease) is exceedingly high especially in a 
water or steam atmosphere. The decrease of strength proceeds even at lower temperatures. 

Medical materials including bracket materials for dentition correction raise difficulties, because these materials are 

to especially frequently subjected at a high-temperature (around 100 to 300°C) to cleaning with water as a solvent, disin- 
fection, sterilization, or another treatment. As a sinter which eliminates such a problem, a zirconia-based sinter containing 
both a boron compound (e.g., B 2 0 3 ) and AI2O3 and/or Si0 2 [and further containing a rare earth metal oxide in an amount 
of 2% by mole or larger] has been proposed in Japanese patent application No. 1 69453/1 994 and others. Such zirconia- 
based sinters show improved thermal stability. However, since these zirconia-based sinters contain 2% by mole or larger 

15 rare earth metal oxide as a stabilizer, they neither show excellent fracture toughness properties comparable to that of 
zirconia-based sinters having a stabilizer content lower than 2% by mole, nor satisfy all the properties including fractur 
toughness properties. 

The present invention has been achieved in view of the drawbacks and problems described above. Objects of the 
present invention are as follows: 

20 

the first object is to provide a zirconia-based sinter which contains a low-mole rare earth metal oxide as a stabilizer, 
can be produced through sintering at a relatively low temperature, and is excellent in thermal stability and fracture 
toughness properties, and to provide a process for producing the same; 

the second object is to provide a grinding part material which employs the zirconia-based sinter described above 
25 and a zirconia-based sinter obtained by the process for producing the same; and 

the third object is to provide a bracket material for dentition correction which likewise employs the zirconia-based 
sinter described above and a zirconia-based sinter obtained by the process for producing the same. 

DISCLOSURE OF THE INVENTION 

30 

The zirconia-based sinter according to the present invention is characterized as being obtained by sintering a com- 
position comprising Zr0 2 as the main component, a rare earth metal oxide (R2O3) in a given range, and a boron com- 
pound in a given range (or a boron compound in a given range and AI2O3 and/or Si0 2 in a given range). Thus, a zirconia- 
based sinter excellent in thermal stability and fracture toughness properties is provided. 

35 Further, the process according to the present invention for producing a zirconia-based sinter is characterized as 
comprising preparing a raw-material blend by a chemical synthesis method, such as the neutralizing coprecipitation 
method, the hydrolytic method, the alkoxide method, or the like, or by the oxide-mixing method so as to result in a given 
raw-material composition, calcining the blend at a given temperature (500 to 1 ,200°C), subjecting the calcination product 
to a pulverization step to obtain a raw-material powder having a given specific surface area (which is 3 m2/g or larger 

40 when the blend was obtained by a chemical synthesis method, or is 1 0 rrvVg or larger when the blend was obtained by 
the oxide-mixing method), subsequently molding the raw-material powder, and then sintering the molding at a given 
temperature (1 ,300 to 1 ,650°C). Thus, sintering can be conducted at a relatively low temperature, and a zirconia-based 
sinter excellent in thermal stability and fracture toughness properties can be obtained. 

Furthermore, the grinding part material and the bracket material for dentition correction according to the present 

45 invention are characterized as employing the zirconia-based sinter described above and a zirconia-based sinter obtained 
by the production process described above which zirconia-based sinters each has given property values. 

BEST MODES FOR CARRYING OUT THE INVENTION 

so Detailed explanations are given below in order on the zirconia-based sinter of the present invention, the process for 
producing the same, and the grinding part material and the bracket material for dental correction both employing the 
zirconia-based sinter. 

First, the zirconia-based sinter according to the present invention is explained in detail. 
A As stated above, the zirconia-based sinter according to the present invention contains Zr0 2 as the main component 
5$ and employs as a stabiliz er one or more rare earth metal oxides selected from the group consisting of Yb203, Er^a. 
I H02O3, Y2O3, and Dy 2 0 3 (in this specification, the rare earth metal oxides are abbreviated as "R^"). (Although Tm 2 0 3 
/ and LU2O3 are also usable, Tm^ and Lu 2 0 3 are highly expensive to make zirconia products poorly competitive in the 
I market). 
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The sinter may also contain a rare earth metal oxide other than the aforementioned R&z, as long as the content 
thereof is 0.5% by mole or lower based on Z1O2-R2O3; this sinter is also included in the present invention. In this case, 
the presence of a rare earth metal oxide other than the aforementioned R2O3 does not bring about a noticeable change 
in mechanical strength as long as the content thereof is 0.5% by mole or lower based on Zr0 2 -R203- However, contents 

5 thereof not lower than 0.5% by mole are undesirable in that mechanical strength decreases. 

rr — • The proportion of this stabilizer (R2P3) is characterized in that the molar proportion thereof to Zr0 2 (R&zlZrOj) is 
from 1 .3/98.7 to 2/98, excluding 2/98. If the molar proportion of the stabilizer (R2P3) to Zr0 2 is below 1 .3/98.7, the desired 
sinter is difficult to obtain because tetragonal crystals of Zr0 2 are hardly maintained at ordinary temperature and the 
transition of the tetragonal crystals to monoclinic crystals results in a volume change, which is accompanied by cracking. 

10 In short, such proportions are undesirable because the effect of the stabilizer is insufficient (see "Composition No. 18" 
in Tables 1 and 2 given later and "Composition No. 44" in Tables 4 and 6). On the other hand, molar proportions of the 
stabilizer (R2O3) to Zr0 2 of 2/98 and higher are undesirable in that although a zirconia-based sinter excellent in sintering 
property and mechanical strength is obtained, this sinter hardly has the high fracture toughness properties desired in 
this invention and. hence, the high-toughness zirconia-based sinter of the present invention cannot be obtained (see 

15 "Composition No. 20" in Tables 1 and 3 given later and "Composition No. 46" in Tables 4 and 6). Therefore, in the zirconia- 
based sinter according to the present invention, the molar proportion of the R^Dz to Zr0 2 {H^P^fZrO^j is desirably from 
1 .3/98.7 to 2/98, excluding 2/98, with the preferred range thereof being from 1 .5/98.5 to 2/98, excluding 2/98. 

The zirconia-based sinter according to the present invention is further characterized in that it contains a boron (B) 
component therein. This boron component is an additive capable of improving the thermal stability of zirconia-based 

20 sinters. However, if the amount of boron (B) is smaller than 0.05% by mole in terms of B2O3, it does not produce the 
effect of improving thermal stability (see "Composition Nos. 1 and 2" in Tables 1 and 2 given later and "Composition 
Nos. 27 and 28" in Tables 4 and 5). In contrast, sinters having a boron amount exceeding 8% by mole are undesirable 
in that the boron compound tends to reduce rather than increase the thermal stability of the sinters (see "Composition 
No. 5" in Tables 1 and 2 given later and "Composition No. 31" in Tables 4 and 5). Therefore, the amount of boron (B) is 

25 from 0.05 to 8% by mole, preferably from 0.2 to 5% by mole, in terms of B2O3. 

In the present invention, a compound of boron may be used as an additive (boron source) for incorporating a boron 
component. Examples thereof include boron oxide, boron nitride, boron carbide, or compounds of Zr, AI, Si. Yb. Er. Ho. 
Y, or Dy with boron (B). 

AI2O3 and/or Si0 2 may be added to the zirconia-based sinter according to the present invention for the purpose of 

30 further improving thermal stability, improving sintering properties, etc. The sinter desirably has an N^Os amount in the 
range of from 0.1 to 5% by mole (preferably from 0.3 to 2% by mole) and an Si0 2 amount in the range of from 0.05 to 
1 .5% by mole (preferably from 0.1 to 0.5% by mole). In sinters having an Al^ amount smaller than 0.1% by mole or 
an Si0 2 amount smaller than 0.05% by mole, the effect of addition of the individual elements is not produced. On the 
other hand, zirconia-based sinters containing M£)$ in an amount exceeding 5% by mole are undesirable in that fracture 

35 toughness properties decrease in proportion to the amount of Al^ (see "Composition No. 13" in Tables 1 and 2 given 
later and "Composition No. 39" in Tables 4 and 5). Further, zirconia-based sinters containing Si0 2 in an amount exceeding 
1 .5% by mole are undesirable in that the thermal stability obtained by the effect of boron incorporation described above 
tends to be reduced (see "Composition No. 1 5" in Tables 1 and 2 given later and "Composition No. 41 " in Tables 4 and 5). 
In the zirconia-based sinter according to the present invention, the incorporation of Al2C>3 or Si0 2 produces the 

40 effects thereof not only in the case of incorporating three components of "B^-AI^-SiCV. but also in the case of 
incorporating two components of "B2O3-AI4O3" or "B 2 0 3 -Si0 2 " as long as the addition amounts thereof are within the 
respective ranges specified above (see "Composition Nos. 6 and 7" in Tables 1 and 2 given later and "Composition Nos. 
32 and 33" in Tables 4 and 5). Additives for these (AI source and Si source) may be the oxides of these additive com- 
ponents (AI and Si). Besides these, the elements may also be added in the form of nitride, carbide, hydroxide, or the 

45 like to obtain the same effects. All of these are included in the present invention. 

The process according to the present invention for producing a zirconia-based sinter is then explained. 
First using a chemical synthesis method, such as the neutralizing coprecipitation method, the hydrolytic method, 
the alkoxide method, or the like, or using the oxide-mixing method, a raw-material powder is prepared so that the powder 
has the above-specified raw-material composition concerning Zr0 2 , R2O3, and a boron compound (and Al^s and/or 

so Si0 2 according to need). Subsequently, this raw-material powder is calcined in the temperature range of from 500 to 
1,200°C. The calcined powder is pulverized and then molded. The molding is subjected to sintering (main burning) in 
the temperature range of from 1 ,300 to 1 ,650°C. 

In the production process of the present invention, the calcination at 500 to 1 ,200°C is intended to homogenize the 
raw material as much as possible and to cause part of the Zr0 2 to undergo phase transition so as to accelerate sintering 

55 in the burning step (main burning step). This calcination is one of the important requisites to the production process of 
the present invention. The lower limit, 500°C. in the calcination conditions is the minimum temperature at which part of 
the monoclinic crystals of Zr0 2 can be phase-transferred to tetragonal crystals by calcination, rt is generally said that 
the transfer of monoclinic crystals of Zr0 2 to tetragonal crystals occurs at around 1 . 1 70°C. However, adding a stabilizer 
to Zr0 2 shifts the transition temperature to the lower-temperature side. For example, in compositions containing 
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as a stabilizer, the phase transition occurs at a temperature around 800°C. This temperature varies depending on the 
kind or amount of the stabilizer. 

On the other hand, the upper limit of calcination temperature, 1,200°C, is the maximum temperature at which.a 
calcined raw material containing aggregates which are sufficiently pulverizable in a pulverization step can be produced. 
s Raw materials calcined at a temperature exceeding that temperature are undesirable in that aggregates remain after 
pulverization, which serve as large breaking sites to reduce the strength of the zirconia-based sinter. Therefore, the 
calcination temperature in the process of the present invention is preferably from 500 to 1 ,200°C. 

The raw material which has undergone calcination should be pulverized because it has aggregated in some degree.^ 
The specific surface area of the raw-material powder obtained by this pulverization should be 3 m2/ g 0 r larger when the 
10 raw material was obtained by a chemical synthesis method, or should be 10 nrvVg or larger when the raw material was 
obtained by the oxide-mixing method. The specific surface area thereof is preferably in the range of from 8 to 20 m2/g 
when the raw material was obtained by a chemical synthesis method, or in the range of from 15 to 30 m2/g when the 
raw material was obtained by the oxide-mixing method. Raw-material powders having a specific surface area smaller 
than 3 m2/g in the case where the raw material was obtained by a chemical synthesis method or having a specific surface 
area smaller than 10 m2/g in the case where the raw material was obtained by the oxide-mixing method are undesirable 
in that such powders have poor sintering properties and hardly give a dense sinter. In order to obtain a dense sinter 
from a raw-material powder whose specific surface area is smaller than 3 m2/g in the case where the raw material was 
obtained by a chemical synthesis method or is smaller than 10 m2/g in the case where the raw material was obtained 
by the oxide-mixing method, sintering (main burning) should be conducted at a temperature outside the temperature 
range of from 1,300 to 1,650°C specified in this invention; sintering (main burning) outside that range is undesirable 
because the problems described later arise. Raw-material powders having too large a specific surface area are not too 
desirable in that handling thereof is difficult. The upper limit of the specific surface area is about 30 m2/g with respect to 
both the chemical-synthesis method and the oxide-mixing method. 

In the production process of the present invention, the sintering (main burning) temperature is preferably from 1 .300 
25 to 1 ,650°C as stated above, and especially preferably from 1 ,350 to 1 ,500°C. Sintering temperatures lower than 1 ,300°C 
are undesirable in that-the sintering only gives sinters having impaired mechanical properties, while sintering tempera- 
tures exceeding 1 ,650°C are undesirable in that abnormal growth of crystal grains and other troubles occur and. hence, 
a highly tough sinter is not obtained. 

Further, in the production process of the present invention, when a zirconia-based sinter is produced, in particular, 
30 through a pressure sintering treatment, the zirconia-based sinter produced can have an even higher strength. For exam- 
ple the compacts obtained by CIP molding in Examples given later which compacts gave sinters having a strength of 
130 kgf/mm2 or higher can be made to give sinters with a strength as high as 150 kgf/mrr* or higher by conducting an 
HIP treatment. 

The grinding part material according to the present invention is then explained. 
35 The grinding part material according to the present invention is characterized in that it employs the above-described 
zirconia-based sinter according to the present invention and a zirconia-based sinter obtained by the above-described 
production process according to the present invention, and that the zirconia-based sinter has given property values. 
Specifically, the grinding part material employs a zirconia-based sinter which has an average grain diameter of 2 \im or 
smaller and a bulk density of 5.8 g/cm3 or higher and is less apt to deteriorate in long-term use at a temperature of 100 
40 to 300°C in the air or in water and steam. Zirconia-based sinters having an average grain diameter exceeding 2 jim are 
undesirable in that they have poor wear resistance and poor thermal stability. On the other hand, zirconia-based sinters 
having a bulk density lower than 5.8 g/crrv* are undesirable in that the sinters, when used, e.g., as a grinding medium, 
show a low grinding efficiency and that the sinters have reduced strength property values. Further, sinters which dete- 
riorate in the air or in water and steam at a temperature in the range of from 100 to 300°C are undesirable in that the 
45 deterioration is accompanied by considerable decreases in all kinds of properties including wear resistance, grinding 
efficiency and strength properties, so that such sinters are unsuitable, for example, for use in a wet grinding step employ- 
ing water as solvent or for use in the case where the grinding part material is washed with water or the like and is then 
subjected to a drying step at a high temperature (around 200°C). 

The bracket material for dentition correction according to the present invention is then explained. 
The bracket material for dentition correction according to the present invention is characterized in that it employs 
the above-described zirconia-based sinter according to the present invention and a zirconia-based sinter obtained by 
the above<lescribed production process according to the present invention, and that the zirconia-based sinter employed 
contains from 0.0001 to 0.002% by mole PrgOn and from 0.01 to 0.2% by mole E r2 0 3 as colorants for enhancing the 
aesthetic properties of the sinter, has an average grain diameter of 2 tim or smaller and a porosity of 1% or lower, and 
has the property of being less apt to deteriorate in long-term use at a temperature of 100 to 300°C in the air or in water 

H meamourrts of Pr 6 On and Bx£) z added as colorants are too small and outside the ranges specified above, the 
color of the sinter is too white, in contrast, if the amounts thereof are too large and outside those ranges, the sinter has 
a darker color than teeth. In either case, the bracket material, when bonded to teeth, gives an unnatural feeling because 
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it differs in appearance and color tone from the teeth. Thus, colorant amounts outside the above specified ranges are 
undesirable from an aesthetic standpoint. 
\~ mm,m ' .Average grain diamete rs exceeding 2 jim are undesirable in the zirconia-based sinter constituting the bracket mate- 
rial tor dentition correction 4CC6K!tng to the p?eS6rtt invention, because poor thermal stability results On the other hand. 

5 porosities exceeding 1% are undesirable in that such a sinter does not have a glossy aesthetic appearance and has 
reduced strength property values. Further, sinters which deteriorate in the air or in water and steam at a temperature in 
the range of from 100 to 300°C are undesirable in that the deterioration is accompanied by considerable decreases in 
all kinds of properties including aesthetic properties and strength properties, so that difficulties are encountered when 
bracket materials for dentition correction comprising such sinters are subjected to washing with water, disinfection, ster- 

io ilization, or the like particularly at a high temperature (around 1 00 to 300°C). 

The zirconia-based sinter according to the present invention (including the zirconia-based sinter for use as the 
grinding part material and bracket material for dentition correction according to the present invention) is characterized 
in that the crystal grains thereof consist mainly of a mixed phase (T+M) made up of tetragonal crystals (T) and monoclinic 
crystals (M). 

is Since the zirconia-based sinter according to the present invention contains a stabilizer (R2O3) in an amount smaller 
than 2% by mole, no cubic crystals are present therein, and the crystal grains thereof mostly have a mixed phase (T+M) 
made up of tetragonal crystals (T) and monoclinic crystals (M). In zirconia-based sinters having such a mixed phase 
(T+M), an improvement in fracture toughness can be expected and such a tendency is observed. The content of mon- 
oclinic crystals in the crystalline phase of a zirconia-based sinter was determined by grinding a surface of the sinter with 

20 a #600 diamond wheel, subsequently finishing the ground surface with diamond grains of 1 -5 \irr\ to give a mirror surface, 
analyzing the surface by X-ray diffraction, and calculating the content from the resulting intensity ratios using the following 
equations (1) to (3). 

Content of monoclinic crystals X M = "T^V~7^ ~ Equation (1) 

Im( 111 ) + , m( 111 ) + ! t+c( 111 ) 
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l T (4O0) + l T (400) c t #m 

Content of tetragonal crystals X T = (1 00 - X M ) x i t(40 o) + | c (400) + l T (400) Equation (2) 

Content of cubic crystals X C = 100-X M -X T Equation (3) 



Further, the average grain diameter for a zirconia-based sinter was determined as follows. A surface of the sinter 
was finished into a mirror surface in the manner described above, and the surface was etched with hydrofluoric acid. 

35 The diameter (d) of a circle equal to a given area (S) containing 50 or more grains on an electron photomicrograph was 
calculated using the equation d=(4S/7i) 1/2 . This diameter (d) was determined with respect to three or more fields of 
view in the same sample, and these diameter values were averaged to obtain the average grain diameter. The sum of 
the number of grains entirely contained in the given area (S) and a half of the number of grains cut by the periphery of 
the given area is taken as the number of grains (n) (with respect to this measurement method, see examined Japanese 

40 patent publication No. 21 1 84/1 986). 

In the case of the zirconia-based sinter of the present invention having a specific composition, not only a raw material 
obtained by a chemical synthesis method, such as the neutralizing coprecipitation method, the hydrolytic method, the 
alkoxide method, or the like, but also a raw material obtained by the oxide-mixing method, which is relatively inexpensive, 
can be used to obtain a zirconia-based sinter having excellent thermal stability and high fracture toughness properties. 

45 According to the grinding part material of the present invention which employs an R^-stabilized zirconia-based 
sinter containing a boron compound and a sintering aid, that is, according to the grinding part material employing a 
zirconia-based sinter which has the composition specified in this invention and satisfies average grain diameter and bulk 
density, a grinding part material is provided which has exceptionally high fracture toughness properties, is excellent in 
wear resistance and thermal stability, and attains high grinding efficiency. 

so Furthermore, according to the bracket material for dentition correction of the present invention which employs an 
R^-stabilized zirconia-based sinter containing a boron compound and a sintering aid. that is, according to the bracket 
material for dentition correction employing a zirconia-based sinter which has the composition specified in this invention, 
contains Pr 6 Oi 1 and Er^ as colorants, and satisfies average grain diameter and porosity, a bracket material for dentition 
correction is provided which shows excellent aesthetic properties during use and has exceptionally high fracture tough- 

55 ness and excellent thermal stability. 

The present invention will be explained below in more detail by reference to Examples of the invention along with 
Comparative Examples, but the invention should not be construed as being limited to the following Examples unless the 
spirit thereof is departed from. 
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[EXAMPLE 1 (including COMPARATIVE EXAMPLES)] 

Zirconium oxide (Z1O2), a rare earth metal oxide (R2O3: stabilizer), boron oxide (B2O3). aluminum oxide (AI2O3), 
and silicon dioxide (SiOH were weighed out so as to result in the compositions (Composition Nos. 1 to 26) shown in 
Table 1 given below. Using ion-exchanged water as solvent, each mixture was kneaded with a rubber-lined ball mill 
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employing ZrOrbased balls. Drying was then conducted. 

TABLE l 
Composition 





Conrposi- 
tion 
No. 


stabilizer 


RiOWZrO? 
(molZ) 


A1 ? 0, 


SiO, 


B 7 0, 


Remarks 


10 






(moll) 


(molZ) 


(molZ) 




1 


Y 2 0 3 


1.8/98.2 


0 


0 


0 


Comparative 
Example 




2 


■ 




1 


0.3 


0 


Comparative 
Example 


15 


3 


• 




0 


0 


2 


Example 
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■ 
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0 


8 


Example 
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■ 
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0 


0 


12 


Comparative 
Example 


20 


5 


■ 
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0 


1 


Example 
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■ 
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0.3 
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Example 




8 


• 
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0 . 3 


0 . 05 


Example 


25 


9 
10 


a 
■ 




1 
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0 . 3 
0 . 3 


1 
12 


Exampl e 

C ompa rat x ve 
Example 




11 






0.1 


0 . 3 
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Example 


30 


12 


• 
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0 . 3 
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Mainpic 


13 
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0.3 
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Comparative 
txampie 
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1 . 5 




Fvamnl C* 
LXaUtpic 


35 


15 
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3 
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Example 
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a 


1.5/98.5 
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0.3 
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Example 




17 
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1.3/98.7 
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0.3 


1 


Example 


40 


18 
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1/99 
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0.3 
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Comparative 
Example 




19 
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1.9/98.1 
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0.3 


1 


Example 


45 


20 


tt 


2.5/97.5 
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0.3 
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Comparative 
Example 


21 


Yb 2 0 3 


1.8/98.2 
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0.3 


1 


Example 




22 


Er 2 0 3 
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0.3 
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Example 




23 


Ho 2 0 3 
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0.3 
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Example 


50 


24 


Dy 2 0 3 
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0.3 


1 


Example 
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Y 2 0 3 +Dy 2 0 3 


(l+0.8)/98.1 
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0.1 


0.5 


Example 




26 


Y 2 0 3 +Ho 2 0 3 




1 


0.1 


0.5 


Example 



55 



Subsequently, calcination was conducted at the temperatures shown in Tables 2 and 3 (provided that the Compo- 
sition No. 19 indicated by "Calcination temperature: 0°C" in Table 3 was not calcined). The calcined powders obtained 
were pulverized with the same ball mill as that used above for kneading, to such degrees as to result in the specific. 
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surface areas shown in Tables 2 and 3. An acrylic copolymer resin was added in an amount of 3% by weight, and spray 
granulation was conducted. The resulting powders were subjected to CIP molding at a pressure of 1,000 kgf/cm2, fol- 
lowed by main burning at the temperatures shown in Tables 2 and 3 given below. 

With respect to each zirconia-based sinter obtained, "three-point bending strength" measured in accordance with 
5 Testing Method for Bending Strength of Fine Ceramics (JIS R1601), "Vickers hardness (JIS R1 610), B "fracture toughness 
value (JIS R1607)" determined by the IF method, and the "thermal stability" of the sinter are shown in Tables 2 and 3. 
The "thermal stability" of each sinter was judged by placing the sinter in an autoclave to conduct a 200-hour aging test 
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in 200°C hot water and then examining the sinter for deterioration. 
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From Tables 2 and 3 given above, it is understood that zirconia-based sinters not only showing high strength and a 
high fracture toughness value but having satisfactory thermal stability are obtained in Example 1, in which the molar 
proportion of a stabilizer (R 2 0 3 ) to Zr0 2 is within the range specified in this invention and the compositions contain a 
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boron compound in a given range (or a boron compound in a given range and AI2O3 and/or SiO^. In contrast, the 
zirconia-based sinter of the present invention cannot be obtained from the compositions which are outside at least one 
of the aforementioned given ranges specified in this invention, or from the compositions containing no boron (B) com- 
ponent. For example, Composition No. 18 (R203/Zr0 2 =1/99) as a Comparative Example, which was outside the range 
"R^03/Zr0 2 =1 .3/98.7 to 2/98, excluding 2/98" specified in this invention, did not sinter because of the too small stabilizer 
(Y2O3) amount and Composition No. 20 ( R 2 C>3/Zr02=2.5/97.5) as a Comparative Example, which was also outside that 
range, gave a fracture toughness value as low as 7.10 MPaVm. Thus, the desired zirconia-based sinter was unable to 
be obtained from these compositions. 

Further, Composition Nos. 1 and 2 as Comparative Examples, which contained no boron (B) component, and Com- 
position No. 5, which contained a boron (B) component in an amount exceeding the range specified in this invention, 
gave sinters having poor thermal stability as apparent from Table 2, even through these compositions were within the 
R203/Zr0 2 molar proportion range specified in this invention. 

Furthermore, even when raw-material blends prepared so that the molar proportion of a stabilizer (R^) to Zr0 2 
is within the range specified in this invention and that the additives according to the present invention (a boron compound 
and Al20 3 and/or SiO^ are within the respective ranges specified in this invention are used, the zirconia-based sinter 
of the present invention cannot be obtained therefrom when calcination is performed under conditions outside the range 
of from 500 to 1 ,200°C or when the specific surface area of the raw material or the conditions for main burning are 
outside the ranges specified in this invention. For example, in the case of a Comparative Example in which calcination 
was conducted at 1 ,400°C. which is outside the range specified in this invention (500 to 1 ,200°C). and a Comparative 
Example in which calcination was omitted (see Composition No. 19 in Table 3). the former gave a sinter having a bending 
strength as extremely low as 11.63 kgf/mrr* and the latter gave a sinter having a low fracture toughness value (4.11 
MPaVm). 

Moreover, Composition No. 9 shown in Table 2 which employed a raw material having a specific surface area of 6 
m2/g, which is outside the range specified in this invention (1 0 m2/g or larger for the oxide-mixing method), gave a sinter 
having a low bending strength and poor thermal stability. Further, with respect to the Comparative Examples in which 
sintering (main burning) was conducted at 1 ,700°C and 1 ,200°C (see Composition No. 21 in Table 3). which are outside 
the range specified in this invention (1 ,300 to 1 .650°C). the sinter obtained from the former through high-temperature 
sintering had undergone a reaction with the burning table, while the sinter obtained from the latter through low-temper- 
ature sintering had a bending strength as extremely low as 2.09 kgf/mm*. Thus, both compositions failed to give the 
high-toughness zirconia-based sinter desired in this invention. 

[EXAMPLE 2 (including COMPARATIVE EXAMPLES)] 

A raw material obtained by the neutralizing coprecipitation method and containing either 1-2.5% by mole or 
1.8% by mole Yb^ was mixed with weighed amounts of B2O3. Al^, and Si0 2 so as to result in the compositions 
(Composition Nos. 27 to 47) shown in Table 4 given below. Using ion-exchanged water as solvent, each mixture was 
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kneaded with a rubber-lined ball mill employing Zr0 2 -based balls. Drying was then conducted. 



TABLE 4 





Composition 


5 


oomposi 




n 2^'3' **• ^^2 




SiO? (mol%) 


B2O3 (mol%) 


Remarks 




tion No. 




(mol%) 
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Example 


45 


47 


Yb 2 0 3 


1.8/98.2 
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0.3 
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Example 



Subsequently, calcination was conducted at the temperatures shown in Tables 5 and 6 given below (provided that 
so the Composition No. 45 indicated by "Calcination temperature: 0°C" in Table 6 was not calcined). The calcined powders 
obtained were pulverized with the same ball mill as that used above for kneading, to such degrees as to result in the 
specific surface areas shown in Tables 5 and 6. An acrylic copolymer resin was added in an amount of 3% by weight, 
and spray granulatipn was conducted. The resulting powders were suDjecxea to Ulr^ molding at a pressure of 1,000 
kgf/cm2, followed by main burning at the temperatures shown in Tables 5 and 6. 
55 Each zirconia-based sinter obtained was examined for "three-point bending strength." "Vickers hardness," "fracture 
toughness value," and "thermal stability" by the evaluation methods shown in Example 1 given above. The results thereof 
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are shown in Tables 5 and 6. 
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From Tables 5 and 6 given above, it is understood that zirconia-based sinters not only showing high strength and a 
high fracture toughness value but having satisfactory thermal stability are obtained in Example 2, in which the molar 
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proportion of a stabilizer (R2O3) to Zr0 2 is within the range specified in this invention and the compositions contain a 
boron compound in a given range (or a boron compound in a given range and AI2O3 and/or SiO^. 

In contrast, the zirconia-based sinter of the present invention cannot be obtained from the compositions which are 
outside at least one of the aforementioned given ranges specified in this invention, or from the compositions containing 

5 no boron (B) component. For example, Composition No. 44 (R^a/ZrO 2=1/99) as a Comparative Example, which was 
outside the range W R203/Zr0 2 =1 .3/98.7 to 2/98, excluding 2/98" specified in this invention, did not sinter because of the 
too small stabilizer (Y2O3) amount, and Composition No. 46 (R203/Zr02=2.5/97.5) as a Comparative Example, which 
was also outside that range, gave a fracture toughness value as low as 7.01 MPaVm. Thus, the desired zirconia-based 
sinter was unable to be obtained from these compositions. 

10 Further, Composition Nos. 27 and 28 as Comparative Examples, which contained no boron (B) component, and 
Composition No. 31 . which contained a boron (B) component in an amount exceeding the range specified in this invention, 
gave sinters having poor thermal stability as apparent from Table 5, even through these compositions were within the 
R2O3/Z1O2 molar proportion range specified in this invention. 

Furthermore, even when raw-material blends prepared so that the molar proportion of a stabilizer (R2O3) to Zr0 2 

15 is within the range specified in this invention and that the additives according to the present invention (a boron compound 
and AI2O3 and/or S1O2) are within the respective ranges specified in this invention are used, the zirconia-based sinter 
of the present invention cannot be obtained therefrom when calcination is performed under conditions outside the range 
of from 500 to 1,200°C or when the specific surface area of the raw material or the conditions for main burning are 
outside the ranges specified in this invention. For example, in the case of a Comparative Example in which calcination 

20 was conducted at 1 ,400°C, which is outside the range specified in this invention (500 to 1 ,200°C), and a Comparative 
Example in which calcination was omitted (see Composition No. 45 in Table 6), the former gave a sinter having a bending 
strength as extremely low as 20.39 kgf/mm2 and the latter gave a sinter having a low fracture toughness value (5.21 
MPaVm). 

Moreover, Composition No. 45 shown in Table 6 which employed a raw material having a specific surface area of 2 
25 m2/g, which is outside the range specified in this invention (3 m2/g or larger for the chemical -synthesis method), gave a 
sinter having a low bending strength and poor thermal stability. Further, with respect to the Comparative Examples in 
which sintering (main burning) was conducted at 1 ,700°C and 1 ,200°C (see Composition No. 47 in Table 6). which are 
outside the range specified in this invention (1.300 to 1.650°C). the sinter obtained from the former through high-tem- 
perature sintering had undergone a reaction with the burning table, while the sinter obtained from the latter through low- 
30 temperature sintering had a bending strength as extremely low as 8.72 kgf/mrr*. Thus, both compositions failed to give 
the zirconia-based sinter desired in this invention. 

[EXAMPLE 3 (including COMPARATIVE EXAMPLES)] 

35 Raw materials prepared by the method described in Example 1 given above (which were Composition Nos. 2, 9, 
and 20 in Table 1 ; calcination temperature: 1 ,000°C, specific surface area: 10 rrvVg) were used and molded into such a 
shape as to give, through sintering, a ball having a diameter of 1/2 inch. These moldings were burned at 1,500°C to 
produce grinding media. 

Using the grinding media obtained, an abrasion test was performed. In the abrasion test, 3.6 kg of a sample medium 
40 was placed in a 2-liter alumina-based ball mill pot together with 800 cc of water and a fused alumina powder (#325), 
and the pot was rotated at a rotational speed of 100 rpm for 48 hours to measure the resulting decrease of the medium 
weight through the test. From this decrease, the wear rate of the grinding medium used was determined. Further, the 
wear rate was determined after conducting a hot-water test, that is, after a 200-hour aging test in 200°C hot water placed 

45 
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in an autoclave. The results thereof are shown in Table 7. 



TABLE 7 





Grinding Medium Properties 






5 


Composition No. 


Average crys- 
tal grain diame- 
ter (juim) 


Bulk den- 
sity (g/m3) 


Crystalline 
phase 


Wear rate (%) 


Wear rate after 
hot-water test 
(%) 


Remarks 


10 


2 


0.7 


6.03 


M+T 


0.38 


8.20 


Comparative 
Example 




9 


0.7 


6.03 


M+T 


0.38 


0.38 


Example 




20 


0.9 


6.06 


T 


0.52 


0.52 


Comparative 
Example 



75 



As apparent from Table 7 given above, the grinding part material (grinding medium) employing a zirconia-based 
sinter of the present invention (Composition No. 9) was ascertained to have a low wear rate and excellent thermal stability 
20 and, in particular, to undergo little change in wear rate through the hot-water test. 

[EXAMPLE 4 (including COMPARATIVE EXAMPLES)] 

Raw materials prepared by the method described in Example 1 given above (which were Composition Nos. 2, 9, 
25 and 20 in Table 1; calcination temperature: 1,0Q0°C. specific surface area: 10 rrvVg) were used. Thereto were added 
weighed amounts of Pr 6 On and Er^Oa as colorants so as to result in the compositions shown in Table 8. Using ion- 
exchanged water as solvent, each mixture was kneaded with a rubber-lined^airh^HI em ploying Zr0 2 -based balls. Drying 
was then conducted. In order to produce compounds for injection^ added to the resulting 

compositions serving as starting materials, arxTthemixtures each was heijtedapa kneaded with a heated kneader and 
30 then pelletized for stable feeding tqaninjection molding maehtae. Subsequently, the above-described compounds (pel- 
lets) each was introduced into an "injection molding machine having a mold designed to have the given desired shape 
of a bracket for dentition correction" and molded. These moldings were heated at a temperature of about 350°C to 
decompose and eliminate the resin contained in the compounds, and were then sintered at 1 ,500°C. 

Surfaces of the thus-obtained brackets for dentition correction were polished. The brackets were examined for "Vick- 
35 ers hardness (JIS R1 61 0)" and "fracture toughness value (J IS R1 607)" and evaluated for "thermal stability" by the same 
methods as in Example 1 given above. Further, the brackets were also examined for "three-point bending strength." The 
results thereof are shown in Table 8. The test pieces used in examining the "three-point bending strength" were produced 
by injection molding under the same conditions as for the formation of the bracket shape for dentition correction so that 
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the samples had the shape according to Testing Method for Bending Strength of Fine Ceramics (JIS R1601). 




As apparent from Table 8, it was ascertained that the zirconia-based brackets for dentition correction of the present 
invention show excellent values of sinter properties in all of three-point bending strength, Vlckers hardness, and fracture 
toughness value as in Example 1, even when compared with zirconia ceramic materials on the market, and that with 



18 



EP0 705 803 A1 



respect to thermal stability, the surfaces of the brackets undergo no change in quality. Thus, it was suggested that the 
brackets of this invention are utterly satisfactory when disinfection conditions or conditions for ordinary use in the mouth 
are taken in account. 

Further, in the case where the addition amounts of Pr 6 On and Er 2 0 3 were smaller than the amounts specified in 
5 this invention, the bracket was too white (assumed a whitish light yellow color). In contrast, in the case of too large 
colorant amounts, the bracket was darker than teeth (assumed a brownish ivory color). Thus, in either case, the bracket 
material, when bonded to teeth, gave an unnatural feeling and were aesthetically undesirable because it differed in 
appearance and color tone from the teeth. 

10 POSSIBILITY OF INDUSTRIAL APPLICATION 

The zirconia-based sinter according to the present invention is characterized as comprising Zr0 2 as the main com- 
ponent, a rare earth metal oxide (R2O3) in a given range, and a boron compound in a given range (or a boron compound 
in a given range and AI2O3 and/or Si02 in a given range). Due to this, a zirconia-based sinter excellent in thermal stability 
15 and fracture toughness properties can be provided. 

Further, the process according to the present invention for producing a zirconia-based sinter is characterized as 
comprising preparing a raw-material blend by a chemical synthesis method or the oxide-mixing method so as to result 
in a given raw-material composition, calcining the blend at a given temperature (500 to 1 t 200°C). subjecting the calci- 
nation product to a pulverization step to obtain a raw-material powder having a specific surface area (which is 3 rrP/g 
20 or larger when the blend was obtained by a chemical synthesis method, or is 10 rr^/g or larger when the blend was 
obtained by the oxide-mixing method), subsequently molding the raw-material powder, and then sintering the molding 
at a given temperature (1 ,300 to 1 ,650°C). According to this process of the present invention, sintering can be conducted 
at a relatively low temperature. In addition, the present invention brings about an effect that a zirconia-based sinter 
having exceptionally high toughness and excellent thermal stability can be produced not only through production by a 
25 chemical synthesis method but through the oxide-mixing method, which is a relatively inexpensive production method. 
Moreover, according to the present invention, it is possible to provide a zirconia-based sinter which has various 
properties including high toughness, lubricity, heat-insulating properties, thermal expansion characteristics, and oxygen 
ion conductivity and which, taking advantage of these properties, is expected to be industrially used in wide application 
fields. It is also possible to provide at low cost a zirconia-based sinter having excellent thermal stability and exceedingly 
30 high toughness. Thus, the industrial usefulness thereof is extremely high. 

Furthermore, according to the grinding part material employing a zirconia-based sinter having the composition 
according to the present invention, a grinding part material having high strength and high toughness, excellent in wear 
resistance and thermal stability, and having a high grinding efficiency is provided. 

The grinding part material of the present invention having such properties is industrially extremely useful as a grincN 
inq part mate rial, e.g., a lining material or a grinding medium, for use in various grinding apparatus for the dry or wet 
fine pulverization of particles of ceramics, metals, organic polymers, etc. Moreover, according to the bracket material for 
dentition correction employing a zirconia'43as©cl"sinter-having'the composition accordirig-fcrthe present invention, a 
bracket material for dentition correction which has high strength, high hardness, and high toughness and is excellent in 
aesthetic property during use and thermal stability can be provided. 

40 

Claims 

1 . A zirconia-based sinter comprising Zr0 2 as the main component, one or more rare earth metal oxides selected from 
the group consisting of Yb 2 03, Er&s, H02O3, Y2O3, and Dy 2 C>3, and a boron compound, characterized in that the 

45 content of boron components is from 0.05 to 8% by mole in terms of boron oxide (B2Q3), the molar proportion of 
the rare earth metal oxides (R2O3) to Zr0 2 (R2O3/Z1O2) is from 1.3/98.7 to 2/98, excluding 2/98, and the crystal 
grains obtained consist mainly of a mixed phase made up of tetragona l crystals and monoclinic crystals. 

2. A zirconia-based sinter comprising Zr0 2 as the main component, one or more rare earth metal oxides selected from 
so the group consisting of Yb2p3, Er203, H02O3, Y2O3, and Dy^. a boron compound, and Al 2 0 3 and/or Si0 2 , char- 
acterized in that the content of boron components is from 0.05 to 8% by mole in terms of boron oxide (B2O3). the 
molar proportion of the rare earth metal oxides (R2O3) to Zr0 2 (R^Aj/ZrO:,) is from 1 .3/98.7 to 2/98, excluding 2/98, 
the content of Al 2 0 3 is from 0.1 to 5% by mole and/or the content of Si0 2 is from 0.05 to 1 .5% by mole, and the 
crystal grains obtained consist mainly of a mixed phase made up of tetragonal crystals and monoclinic crystals. 

55 

3. The zirconia-based sinter as claimed in claim 1 or 2, which is characterized in that the boron compound is boron 
oxide, boron nitride, boron carbide, or a compound of any of the elements shown in claim 1 or 2 (Zr, Al, Si, Yb, Er, 
Ho, Y, and Dy) with boron (B). 
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A process for producing a zirconia-based sinter comprising 2r0 2 as the main component, one or more rare earth 
metal oxides (R2O3) selected from the group consisting of Yb^, ErzOs, H02O3. Y2O3, and DV2O3. and a boron 
compound [or a boron compound and AI2O3 and/or SiOJ, characterized as comprising the steps of: 

(1) preparing a raw-material blend by a chemical synthesis method, such as the neutralizing coprecipitation 
method, the hydrolytic method, the alkoxide method, or the like, or by the oxide-mixing method so that the Wend 
has such a raw-material composition that the molar proportion of the rare earth metal oxides (R2O3) to Zi0 2 
(R2O3/Z1O2) is from 1.3/98.7 to 2/98. excluding 2/98. and that the content of the boron compound is from 0.05 
to 8% by mole in terms of boron oxide (BzQj) [or that the content of the boron compound is from 0.05 to 8% by 
mole in terms of boron oxide (B2O3) and the content of the AI2O3 is from 0.1 to 5% by mole and/or the content 
of the Si0 2 is from 0.05 to 1 .5% by mole], 

(2) calcining the raw-material blend at 500 to 1,200°C, 

(3) pulverizing the calcination product to such a degree as to result in a specific surface area of 3 m2/g or larger 
when the raw-material blend was obtained by a chemical synthesis method or of 10 irtf/g or larger when the 
raw-material blend was obtained by the oxide-mixing method, 

(4) molding the powder obtained by pulverization, and 

(5) sintering the molding at 1 ,300 to 1 ,650°C. 

A grinding part material constituted of the zirconia-based sinter as claimed in claim 1 , 2, or 3 or of a zirconia-based 
sinter obtained by the process as claimed in claim 4, wherein the grinding part material comprises the zirconia- 
based sinter as claimed in claim 1 , 2, or 3 or the zirconia-based sinter obtained by the process as claimed in claim 
4 which is characterized in that the sinter has an average grain diameter of 2 urn or smaller and a bulk density of 
5.8 g/cm3 or higher and is less apt to deteriorate in long-term use at a temperature of 100 to 300°C in the air or in 
water and steam. 

A bracket material for dental correction constituted of the zirconia-based sinter as claimed in claim 1. 2. or 3 or of 
a zirconia-based sinter obtained by the process as claimed in claim 4, characterized in that the bracket material for 
dental correction constituted of the zirconia-based sinter as claimed in daim 1 . 2, or 3 or of the zirconia-based sinter 
obtained by the process as claimed in claim 4 contains from 0.0001 to 0.002% by mole Pr 6 On and from 0.01 to 
0.2% by mole Er^ as colorants for enhancing the aesthetic properties of the sinter, and that the sinter has an 
average grain diameter of 2 \im or smaller and a porosity of 1% or lower and is less apt to deteriorate in long-term 
use at a temperature of 100 to 300°C in the air or in water and steam. 
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